Background Hospital-acquired infections are one of the most frequent adverse events among patients receiving healthcare. Reusable electroencephalography cup electrodes (EEG-CE) pose a risk of infection due to cross-contamination, which can be eliminated by replacing reusable EEG-CE with single-use EEG-CE. Objective The objective was to investigate the cost effectiveness of using single-use EEG-CE instead of reusable EEG-CE when the risk of sepsis is considered. Methods A cost-effectiveness analysis was conducted, using a decision analytic model to assess the potential effects and costs of using single-use EEG-CE as an alternative to reusable EEG-CE. The cost data regarding the reusable EEG-CE were assessed through interviews with four hospitals. To identify the risk of sepsis, a retrospective observational cohort study was conducted using data from Truven Health Analytics, with a total of 73,834 patients analyzed in the USA during 1 February 2014 through 15 December 2014. A probabilistic sensitivity analysis (PSA) was conducted to test the impact of the variables simultaneously and the robustness of the result. Results The incidence of sepsis was 33 cases per 100,000 EEG procedures. The acquisition and reprocessing costs of reusable EEG-CE were $US3.25 and $US5.57, respectively. The base-case analysis showed that single-use EEG-CE are cost effective compared with reusable EEG-CE, although the decision was not robust, with the PSA showing that 40% of the incremental cost-effectiveness ratios indicated that single-use EEG-CE were more effective but more expensive. Conclusion This study indicates single-use EEG-CE are associated with cost savings and a possible reduction in the risk of cross-contamination.
Background
Hospital-acquired infections (HAI) are among the most frequent adverse events in patients receiving healthcare and result in a considerable economic burden for healthcare systems [1, 2] . Given the economic burden and the discomfort of patients, such infections are undesirable. Reusable medical devices pose a risk of infection due to cross-contamination, where an infectious agent is carried from one person to another. This can occur directly from patient to patient or indirectly through a contaminated person or object [3] . Replacing reusable devices with single-use devices is one method of bypassing the risk of infection due to crosscontamination from medical devices.
Electroencephalography cup electrodes (EEG-CE) are available in both reusable and single-use versions. The single-use version makes it possible to eliminate the risk of cross-contamination [4] . EEG is a common diagnostic tool in the clinic, utilized on suspicion of epilepsy, Electronic supplementary material The online version of this article (https ://doi.org/10.1007/s4166 9-018-0090-3) contains supplementary material, which is available to authorized users. unexplained unconsciousness, meningitis, and some types of dementia [5] . Before applying EEG-CE to the scalp, the skin is cleaned and an abrasive paste is used to remove the epidermal layer of the skin to lower the impedance level [6, 7] . Because of this abrasion of the skin, EEG-CE are categorized as semi-critical devices. A semi-critical device is defined as one that contacts mucous membranes or nonintact skin [8] [9] [10] . This requires EEG-CE to be high-level disinfected (HLD) or sterilized [9, 10] . Reusable EEG-CE poses a risk of cross-contamination from inadequate reprocessing. If contaminated electrodes are used on a patient, there is a risk of infection. A 2018 study investigating pathogen growth and risk of contamination on cleaned readyto-use EEG-CE at four US hospital centers revealed 25% of EEG-CE had positive bacterial culture. Of the bacteria found, 88% had the potential for or a risk of infection [11] . Many different infections can lead to sepsis, and 11% of all sepsis cases start with a skin infection. Sepsis is a severe syndrome that can lead to tissue damage, organ failure, and death and is very expensive to treat [12, 13] .
Limited literature is available concerning both the risk of infection when using reusable EEG-CE and the costs and benefits of reusable EEG-CE compared with single-use EEG-CE. The objective of this study is to investigate the cost effectiveness of using single-use EEG-CE instead of reusable EEG-CE when considering the risk of sepsis.
Methods
A decision analytic model was constructed to assess the potential effects and costs of single-use EEG-CE compared with reusable EEG-CE (Fig. 1) . The study was based on data from the USA. All costs are presented in $US, year 2016 values, and are based on the retail acquisition price of the EEG-CE. Costs that were not obtained in 2016 values were adjusted using the consumer price index from Trading Economics [14] . Only direct costs were included, and elements with no relation to the EEG procedures and potential subsequent infections were excluded. Only costs that differed between the two types of electrodes were included.
This study was from a healthcare sector perspective, where the extra costs associated with sepsis acquired due to an EEG procedure were included and the time horizon was 1 year. The decision model was constructed using the dedicated software TreeAgePro 2015 (Fig. 1). 
Model Input
To identify the risk of sepsis, a retrospective observational cohort study was designed using data from Truven Health Analytics MarketScan ® Commercial Claims and Encounters and Medicare Supplemental Databases. Truven MarketScan ® includes > 43.6 million de-identified patientlevel healthcare claims data from managed care organizations, hospitals, electronic medical records providers, Medicare, and Medicaid [15] . The same patient was investigated during two outpatient visits: one visit with one or more outpatient medical claim for EEG, and a second visit with one or more medical claim not related to EEG at least 30 days before the outpatient medical claim for EEG. Patient claims from 1 February 2014 through 15 December 2014 were followed. The date of the earliest outpatient medical claim for EEG was considered the EEG index date, and the date of the latest outpatient visit not related to EEG before the EEG index date was considered the non-EEG index date. A sepsis case was registered if the patient had acquired sepsis 14 days after the EEG index date. Patients were excluded if they had outpatient medical claims for infection during the 30-day period before the EEG or the non-EEG index date. Patients were also excluded if they had inpatient or outpatient medical claims for surgery on the EEG or non-EEG index date or during the 14-day period after the EEG or non-EEG index date. Sepsis was defined if a patient had a diagnosis of (1) Effectiveness was measured in reduced infection rates among patients who had undergone an EEG procedure. The probabilities of the chance nodes reflect the uncertainties associated with the effect measure. It was assumed that the risk of infection was 0% when using single-use EEG-CE.
The retail acquisition costs and reprocessing costs for reusable EEG-CE were obtained from four US hospital sites, selected because of their diversity in location (east, midwest [north], south, and west), diversity in size (from 500 beds to > 1400 beds), presence of an epilepsy monitoring unit, and use of reusable EEG electrodes as part of usual care assessment. Data were collected from 6 March to 24 April 2017. Department staff were interviewed about the time spent on reprocessing and the costs related to the acquisition and reprocessing of the electrodes. All four hospitals were utilizing HLD as the reprocessing method. The cost of reprocessing was based on assumptions about the amounts of detergent and disinfectant used (two disinfection wipes, 2 ml detergent, and 379 ml bleach per cleaning), and the data were supplemented by an internet search using the Google search engine to identify the acquisition costs of detergents and disinfectants. The retail acquisition cost of a single-use EEG-CE (Ambu ® Neuroline Cup) was estimated at $US18.50 per procedure, based on average selling price, provided by Ambu A/S [16] .
The cost per sepsis case was determined from the literature, specifically, a 2016 systematic review assessing hospital-related costs of sepsis [12] . Based on 37 studies, including > 9 million patients, the mean hospital-wide cost based on sepsis per patient was $US33,718.
Sensitivity Analyses
Several one-way sensitivity analyses were conducted to test the impact on the incremental cost-effectiveness ratio (ICER) of varying the risk of sepsis and the costs of reusable EEG-CE and single-use EEG-CE, respectively. A twoway sensitivity analysis was conducted to test the impact of price levels for each of the technologies. Here, we used a total cost for use of reusable EEG-CE, so the acquisition and reprocessing cost was added. A probabilistic sensitivity analysis (PSA) was conducted to test the impact of the variables simultaneously and the robustness of the result. A second-order Monte Carlo simulation with 10,000 simulations was used. Gamma distributions were applied to the cost variables because of their typical right-skewed nature and because this parameter can only take a positive value. As the probabilities can only be between one and zero, a Beta distribution was selected.
Results
A total of 73,834 patients were included in the retrospective observational cohort study estimating the risk of sepsis. Demographic characteristics of the study cohort are shown in Table 1 . No patients had acquired sepsis 14 days after the non-EEG index date, whereas 24 of 73,834 patients had acquired sepsis 14 days after the EEG index date (33 sepsis cases per 100,000 EEG procedures). The difference in risk of sepsis after the EEG index date and after the non-EEG index date was significant (p < 0.001).
The average time spent reprocessing per EEG procedure was 11.66 min (range 10-13.5), and the average hourly wage for the person conducting the reprocessing was $US25 (range 19.9-31.5), giving an average wage cost per reprocessing of $US4.86. The average cost for materials used for reprocessing was $US0.71 (range 0.40-1.04), giving a total cost per reprocessing of $US5.57. The average cost of use of the reusable EEG-CE was based on an average of 25 electrodes used per procedure and the estimated number of times the reusable EEG-CE can be reused. The estimated number of reuses was 82, based on the annual number of EEG procedures and the annual number of purchased reusable EEG-CE at the four hospitals, resulting in an average cost of use for reusable EEG-CE of $US3.25 (range 0.25-9.79). See Table 2 for all model inputs.
The base-case analysis showed an average cost of reusable EEG-CE of $US19.95 and an incidence of sepsis of 33 cases per 100,000 EEG procedures. The average cost of single-use EEG-CE was $US18.50, and the risk of sepsis was 0%. Thus, the base-case results indicated that the single-use EEG-CE was less costly and more effective than the reusable EEG-CE with regard to sepsis. Table 3 presents the base-case results and an overview of the different one-way sensitivity analyses performed. Figures 2 and 3 show the results of the two-way sensitivity analyses, illustrating which of the two technologies are most advantageous when adjusting for cost of sepsis and sepsis rates for single-use and reusable EEG-CE, respectively. The PSA indicated that single-use EEG-CE were more effective in avoiding sepsis and less costly, as 62% 
Discussion
This study is the first to identify the incidence of sepsis after EEG procedures. There were 33 cases of sepsis per 100,000 EEG procedures, whereas the incidence of sepsis after the non-EEG procedure was assumed to be 0. Furthermore, this is the first cost-effectiveness analysis to compare reusable and single-use EEG-CE. The base-case result was that single-use EEG-CE were more effective at avoiding sepsis and less costly than reusable EEG-CE, although the PSA showed the result was not robust: 38% of the ICERs indicated that single-use EEG-CE were more effective in avoiding sepsis but more expensive. Thus, which technology to choose on the basis of cost is unclear; nevertheless, the single-use alternative may significantly reduce the risk of cross-contamination. This study had some limitations. First, Truven Health Analytics MarketScan ® Commercial Claims and Encounters and Medicare Supplemental Databases do not allow device segmentation. Thus, it was assumed that all EEG procedures were conducted with reusable EEG-CE. This is because the vast majority of EEG-CE used in EEG procedures are reusable [17] . The risk of sepsis was assumed to be zero with single-use EEG-CE because they are used right from a sealed pack [17] . Figure 3 illustrates that assuming single-use EEG-CE are associated with a risk of sepsis affects the results. Consequently, the incidence of sepsis is associated with uncertainty, and more research on the correlation between sepsis and EEG procedures is needed.
Second, reprocessing costs of reusable EEG-CE were based on interviews. The reprocessing time was based on estimates and not actual time measurements, and assumptions were made about the amounts and costs of detergent and disinfectants. However, as the reprocessing is not very complex, we assumed the estimates were reliable.
Third, we only considered the risk of sepsis in this study, not the risk of minor infections and skin infections. As sepsis is a progression of an infection, it must be assumed that the risk of other infections is higher than the risk of sepsis. Although the costs related to these infections are significantly lower than those associated with sepsis, patient discomfort must also be considered when choosing a technology.
Additionally, the retrospective observational study assessing the risk of sepsis only included outpatients. However, patients with chronic medical conditions and weakened immune systems are at greater risk of sepsis [12] , so it must be assumed that inpatients have a higher risk of sepsis. Hence, this should be considered when using EEG-CE on inpatients. Another limitation is that sepsis, particularly [18] . Mortality rates and disutilities were not included in this cost-effectiveness analysis.
Environmental factors were not included in this study. The increased waste disposal and handling associated with disposable single-use EEG-CE may represent an additional cost; in addition, the use of materials is greater, which is not environmentally responsible. This raises ethical considerations: some would think the healthcare system should seek to reduce the consumption of scarce resources and not burden the environment more than necessary; others would argue the safety of the patient should always come first, regardless of the cost.
This study was based on hospitals that use HLD as the reprocessing method. This method is less time consuming and thereby less costly than sterilization. HLD eliminates all pathogenic microorganisms on an instrument except for a small number of bacterial spores, whereas sterilization eliminates all microorganisms, including bacterial spores. Thus, sterilization is a more effective reprocessing method than HLD [9, 10] . In addition, although guidelines as to how HLD should be conducted do exist, how thoroughly the HLD is executed may vary between clinics and people. This contrasts with sterilization, which involves a machine. Thus, it must be assumed that cross-contamination occurs more frequently with HLD than with sterilization. Consequently, costs related to the risk of cross-contamination may be higher when EEG electrodes undergo HLD rather than sterilization. On the other hand, costs of sterilization are assumed to be significantly higher than of HLD.
Conclusion
The costs of reusable EEG-CE were based on data from four hospitals and are associated with some uncertainty. Uncertainty would be reduced if data no costs and reprocessing time were collected from more sites. Additionally, further research is needed to determine the number of times reusable EEG-CE can be reused, as this is decisive for the acquisition cost.
